Abstract: The TAR RNA-binding Protein (TRBP) is a double-stranded RNA (dsRNA)-binding protein, which binds to Dicer and is required for the RNA interference pathway. TRBP consists of three dsRNA-binding domains (dsRBDs). The first and second dsRBDs (dsRBD1 and dsRBD2, respectively) have affinities for dsRNA, whereas the third dsRBD (dsRBD3) binds to Dicer. In this study, we prepared the single domain fragments of human TRBP corresponding to dsRBD1 and dsRBD2 and solved the crystal structure of dsRBD1 and the solution structure of dsRBD2. The two structures contain an a2b2b2b2a fold, which is common to the dsRBDs. The overall structures of dsRBD1 and dsRBD2 are similar to each other, except for a slight shift of the first a helix. The residues involved in dsRNA binding are conserved. We examined the small interfering RNA (siRNA)-binding properties of these dsRBDs by isothermal titration colorimetry measurements. The dsRBD1 and dsRBD2 fragments both bound to siRNA, with dissociation constants of 220 and 113 nM, respectively. In contrast, the full-length TRBP and its fragment with dsRBD1 and dsRBD2 exhibited much smaller dissociation constants (0.24 and 0.25 nM, respectively), indicating that the tandem dsRBDs bind simultaneously to one siRNA molecule. On the other hand, the loop between the first a helix and the first b strand of dsRBD2, but not dsRBD1, has a Trp residue, which forms hydrophobic and cation-p interactions with the surrounding residues. A circular dichroism analysis revealed that the thermal stability of dsRBD2 is higher than that of dsRBD1 and depends on the Trp residue.
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Keywords: NMR; X-ray crystallographic study; structural genomics; solution structure; TAR-RNA binding protein; dsRBD Introduction RNA interference (RNAi) is an evolutionarily conserved gene silencing mechanism, which uses 21-23 nucleotide small RNAs for target RNA determination. There are two major classes of small RNAs involved in RNAi, micro RNA (miRNA) and small interfering RNA (siRNA). miRNAs are derived from pre-miRNA hairpins and have mismatches in the duplex, whereas siRNAs are derived from long dsRNAs and have no mismatches in the duplex. 1 These small RNA duplexes are generated by Dicer, an RNase III enzyme. 2 Humans have a single Dicer species, which generates both miRNAs and siRNAs, whereas other organisms have multiple Dicer species for different substrates. 3, 4 These small RNA duplexes are loaded into Argonaute (Ago), which is the effector protein of the RNA-induced silencing complex and are then separated into single strands. 5, 6 Only one strand of the duplex is retained by Ago, and it causes the cleavage (siRNA) or translational suppression (miRNA) of the complementary target RNA. 1, 7 In many organisms, Dicer binds partner proteins with double-stranded RNA-binding domains (dsRBDs). 8 In human, the partner proteins are the TAR RNA-binding protein (TRBP) and its homologous protein, PACT. 9-11 TRBP was initially identified by its affinity for HIV TAR RNA and was subsequently revealed to participate in RNAi. 12 TRBP consists of three dsRBDs. The first and second dsRBDs (dsRBD1 and dsRBD2, respectively) have similar amino acid sequences and can bind dsRNA.
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In contrast, the third dsRBD (dsRBD3) lacks several of the conserved RNA-binding residues. Therefore, dsRBD3 cannot bind RNA but binds to Dicer. 10, 14, 15 It has been suggested that TRBP promotes the RNAi pathway. TRBP facilitates small RNA production by stabilizing Dicer and/or upregulating its enzymatic activity, whereas human Dicer can cleave substrate RNAs without TRBP. [16] [17] [18] Moreover, the DicerÁTRBP complex may pass the produced siRNA duplex on to Ago. 9, 10, 19, 20 In this function of TRBP, the interactions of the TRBP dsRBD1 and dsRBD2 with siRNA are important, as TRBP binds siRNA more efficiently than Dicer. 9, 20 The single-particle EM structure of the complex of Dicer, TRBP, and Ago2 (a member of the Ago family) was reported, and the mechanisms of siRNA transfer from Dicer to Ago2 were discussed. 21 Recently, the crystal structure of the complex between the TRBP dsRBD2 and dsRNA was reported and revealed the manner of canonical RNA-binding by dsRBD2. 22 In this study, we determined the crystal structure of dsRBD1 and the solution structure of dsRBD2. Our results indicated that dsRBD1 is quite similar to dsRBD2, with respect to the tertiary structure and the manner of dsRNA-binding without a conformational change. An isothermal titration calorimetry (ITC) analysis revealed that the two dsRBDs simultaneously bind to an siRNA molecule to achieve high affinity. Furthermore, a circular dichroism (CD) analysis showed that the thermal stability of dsRBD2 is higher than that of dsRBD1, in which the evolutionarily ''sporadic'' tryptophan residue in dsRBD2 plays an important role.
Results and Discussion
The tertiary structures of the dsRBD1 and dsRBD2 fragments from human TRBP We prepared the dsRBD1 and dsRBD2 fragments derived from human TRBP [ Fig. 1(A) ]. The amino acid sequences of these two dsRBDs [ Fig. 1(B) ] share 35% identity and 45% similarity. The structure of dsRBD1 was solved by X-ray crystallography [ Fig. 1(C) ], whereas that of dsRBD2 was determined by NMR spectroscopy [ Fig. 1(D) ]. Both dsRBD1 and dsRBD2 have an aÀbÀbÀbÀa fold, in which the two a helices pack against one face of the three-stranded antiparallel b sheet, a common feature of the dsRBDs [ Fig. 1(B) ]. 23 The overall structures of the two dsRBDs are also similar to each other, except for a slight shift of the first a helix (a1 helix) [ Fig. 1(E) ]. The root mean square deviation (RMSD) between the dsRBD1 and dsRBD2 structures was 1.2 Å for 56 C a atoms. Both dsRBD fragments are monomeric in the determined structures, in agreement with their gel filtration chromatography profiles (data not shown).
Comparison with the structure of the human TRBP dsRBD2ÁdsRNA complex
The present solution structure of the dsRBD2 fragment [ Fig. 1(D) ] was compared with the previously reported crystal structure of a human TRBP dsRBD2 fragment in complex with a nicked dsRNA 22 [ Fig. 2(A) ]. The RNA-free and RNA-bound structures of dsRBD2 superposed well on each other (RMSD of 0.8 Å for 63 C a atoms) [ Fig. 2(B) ]. Therefore, the TRBP dsRBD2 binds dsRNA without any particular conformational change, in a similar manner as other dsRBDs. 28, 29 The overall structure of dsRBD2 in complex with dsRNA also resembles that of dsRBD1 (RMSD of 0.9 Å for 54 C a atoms), but the abovementioned shift of the a1 helix is still characteristic of the dsRBD1 structure, when compared with the RNA-free and RNA-bound dsRBD2 structures. The RNA-binding residues in dsRBD2 are well conserved in dsRBD1 [ Fig. 2(C) ]. Therefore, we built a dsRNA docking model of dsRBD1 [ Fig. 2(D) ], on the basis of the dsRBD2ÁdsRNA complex structure. The residues with side chains that directly interact with dsRNA in the dsRBD2ÁdsRNA complex, and the corresponding residues in dsRBD1, are shown in stick representations in Figure 2 (A,D), respectively. In the docking model of dsRBD1, the side chains of Gln14, Glu15, Lys59, and Lys63 are modified so that they point in the same directions as those of Gln144, Glu145, Lys189, and Lys193 in dsRBD2, respectively. By contrast, the dsRBD2ÁdsRNA complex structure and the docking model of the dsRBD1ÁdsRNA complex exhibited two differences that might affect the RNA-binding of the dsRBDs. One is the shift of the a1 helix, and the other is the replacement of Arg194 in dsRBD2 by His64 in dsRBD1. However, as shown in Figure 2 (D), the expected dsRNA-binding residues in dsRBD1, Gln14, and Glu15 are located sufficiently near the dsRNA and are therefore expected to interact with the dsRNA in a similar manner to Gln144 and Glu145, respectively. On the other hand, the side chain of His64 in dsRBD1 is oriented toward the dsRNA and seems to interact with it [ Fig. 2(E) ]. Therefore, dsRBD1 and dsRBD2 are expected to bind dsRNA in a similar manner, although their affinities may differ to some extent.
ITC measurements
We measured the affinities of dsRBD1 and dsRBD2 for siRNA, using various fragments of human TRBP (Fig. 3) . Because the RNA affinities of single dsRBD fragments from human TRBP had been examined only with the TAR RNA, 13 it was unclear whether dsRBD1 and/or dsRBD2 bound siRNA, which is shorter and structurally simpler than the TAR RNA. In this study, ITC experiments were performed, by titration of the protein solution into the siRNA solution. The data were analyzed according to a one-site binding model, on the assumption that the multiple dsRBDs can bind one siRNA molecule independently and simultaneously. The generated curves fit well to the experimental data (Fig. 4) . The dissociation constant (K d ) of the wild-type dsRBD1 fragment (D1-WT) and that of the wild-type dsRBD2 fragment (D2-WT) were 220 and 113 nM, respectively, and their stoichiometry factors were both $2 [Figs. 3 and 4(A,B)]. The twofold stronger affinities of the dsRBD2 may be derived from the structural variations between the two fragments, as described above. The reported K d values of dsRBD1 and dsRBD2 for the TAR RNA are about 8 l and 59 nM, respectively. 13 Thus, the affinities of dsRBD1 for these two RNA species are quite different, whereas those of dsRBD2 are similar to each other. dsRBD1 may be sensitive to the tertiary structures, such as the bulges or mismatches present in the TAR RNA or may have been affected by the different experimental conditions (ITC versus gel-shift assay or Histag versus MBP-tag). Next, we generated triple point mutants of the dsRBD fragments: His37, Lys59, and Lys63 in dsRBD1 and His167, Lys189, and Lys193 in dsRBD2, all were mutated to Ala (D1-mutant and D2-mutant, respectively) [Figs. 2(C) and 3]. As discussed above, these residues are expected to bind dsRNA and are conserved in dsRBD1 and dsRBD2. Interestingly, the heat change profile of the wild-type full-length TRBP (FL-WT) was different from those of the other proteins containing one or no active dsRBDs and indicated the two modes of binding [Figs. 3 and 4(E)]. Therefore, we analyzed the data using a two-site binding model and obtained a well-fitted curve. The K d values for the first and second binding modes were 0.24 and 13.3 nM, respectively. The stoichiometry factors for both were $1. The dsRBD3-deleted mutant (D12-WT) showed the similar two-mode binding manner to that of FL-WT. The K d values for the two binding modes were 0.25 and 121 nM, respectively, and the stoichiometry factors for both modes were $1 [Figs. 3 and 4(I)]. The affinity of the dsRBD3-deleted TRBP for siRNA in our experiment was similar to the previously reported value (0.77 nM). 15 These quite small K d values and the stoichiometry factors of $1 in the first binding mode indicate that dsRBD1 and dsRBD2 in TRBP simultaneously bind to one siRNA molecule and enhance the affinity for siRNA, independently of dsRBD3. An siRNA molecule with 19 base pairs appears to lack sufficient room for both dsRBDs of the second protein molecule to bind simultaneously and in the same manner as the first binding mode, which might explain why the affinity of the second binding mode is much lower than that of the first binding mode.
Dimer dissociation analysis of the full-length TRBP
The present ITC experiments indicated that TRBP binds siRNA as a monomer. On the other hand, TRBP reportedly forms dimers in solution. 19, 30 Therefore, we examined the dimerization of the fulllength TRBP protein. First, we performed gel filtration chromatography experiments with various concentrations of protein solutions, from 0.5 to 40 lM [ Fig. 5(A) ]. The elution peak shifted backward at lower TRBP concentrations, indicating that the TRBP dimer dissociates into monomers at these concentrations. Next, we performed an analytical ultracentrifugation analysis. The TRBP solution, at a concentration of 38 lM, was analyzed by the sedimentation equilibrium method. The monomer-dimer equilibrium of TRBP, with a molecular mass of 38 kDa, gave a K d value of 54 lM, whereas the molecular mass predicted using a single ideal species model was 52 kDa [ Fig. 5(B) ]. This large K d value of 54 lM is consistent with the results from our gel filtration chromatography analysis. The present ITC measurements were performed at a concentration of around 1 lM, and the majority of the TRBP was monomeric.
Therefore, our finding that TRBP binds siRNA as a monomer is consistent with the weak dimerization of TRBP.
The hydrophobic residue in the L1 loop These interactions, which occur on the opposite side of the dsRNA-binding surface, seem to contribute to the stabilization of the domain structure. We generated two substitution mutants, Trp152Ala and Trp152Val, and the Trp152-deleted mutant of the dsRBD2 fragment (D2-W152A, D2-W152V, and D2-W152del, respectively). We examined the CD spectra of the three mutant dsRBD2 fragments, as well as the wild-type dsRBD1 and dsRBD2 fragments (D1-WT and D2-WT, respectively), while raising the temperature from 25 to 80 C. The peak intensities around 222 nm of D1-WT, D2-WT, D2-W152A, and D2-W152V decreased as the temperature increased. On the other hand, the peak intensity of D2-W152del did not significantly change throughout the measurement, indicating that D2-W152del was unfolded at 25 C. We compared the stability of the proteins with the denaturation curves [ Fig. 7(B) ]. D2-WT denatured at a much higher temperature than D1-WT. The D2-W152A and D2-W152V mutants were unfolded even at lower temperatures than D1-WT. Taken together, these results indicate that dsRBD2 is more thermostable than dsRBD1, depending on the Trp residue.
We obtained the dsRBD sequences from the Pfam database 32 and examined the hydrophobic residues at these positions. Among the 113 sequences grouped as the seed sequences (the representative members of the family) of DSRM (double-stranded RNA recognition motif), 10 sequences have Trp and 8 sequences have Phe at the corresponding positions [ Fig. 8(A) ]. One of the sequences with the Trp is the TRBP dsRBD2 homolog in Danio rerio (95.4% identity). Interestingly, the Trp residue is strongly correlated with Arg or Lys at the prior position, whereas Phe lacks such a detectable correlation. This preference may reflect the importance of the cation-p interaction between Trp and Lys/Arg, as the cation-p interaction with Phe is weaker than that with Trp. 33 Next, we prepared the phylogenic tree consisting of TRBP dsRBD1, TRBP dsRBD2, and the 113 dsRBDs from the Pfam database. As shown in Figure 8 (B), the dsRBDs with the Trp residue are widely and sporadically distributed. Therefore, the presence of these hydrophobic residues in the L1 loop may be a consequence of convergent evolution. In this study, we solved the structures of dsRBD1 and dsRBD2 from human TRBP. The characteristic Trp residue in dsRBD2 contributes to its higher thermostability, when compared with that of dsRBD1. On the other hand, the two dsRBDs share similar dsRNA binding surfaces, with well-conserved residues, and dsRBD1 and dsRBD2 exhibited similar binding affinities for siRNA. This observation is in sharp contrast to the vastly different affinities between the two dsRBDs reported for the TAR RNA. The two dsRBDs in the full-length TRBP bind simultaneously to a single siRNA molecule, which results (B) Phylogenic tree of the dsRBDs. The sequences were aligned using Clustal W 34 and adjusted manually. The phylogenic tree was produced by TreeView. 35 The branches leading to the dsRBDs with the Trp residue (including TRBP dsRBD2) and that leading to the TRBP dsRBD1 are colored red and cyan, respectively.
in the subnanomolar dissociation constant. It will be interesting to study how siRNA is transferred from TRBP to Argonaute, on the basis of the siRNA binding properties of the tandem dsRBDs of TRBP.
Materials and Methods

X-ray sample preparation
The cDNA fragment encoding the TRBP dsRBD1 (residues 1-84) was cloned into the pGEX-6P plasmid (GE Healthcare). The dsRBD1 was expressed with a GST-tag, a prescission protease cleavage site and a Leu-Gly-Ser-His sequence at the N-terminus. For overexpression, E. coli strain Rosetta(DE3) (Novagen) was used as the host. After lysis by sonication, the protein was isolated by GST affinity chromatography, and then the GST-tag was removed by proteolysis. Subsequent cation-exchange chromatography and size exclusion chromatography yielded the highly purified dsRBD1. The dsRBD1 sample for crystallization was concentrated to 6.0 mg ml À1 in 20 mM Mes-NaOH buffer (pH 6.0), containing 100-mM NaCl and 1-mM DTT. The crystal used for data collection was obtained by mixing 0.7 lL of the dsRBD1 solution and 0.7 lL of the reservoir solution [1.44M sodium malonate (pH 7.0; Hampton Research), 200 mM AmSO 4 , and 0.5% isopropanol]. Crystals were grown by the sitting-drop vapordiffusion method at 293 K.
X-ray structure determination
For data collection, the crystals were harvested, soaked in 3.0M sodium malonate (pH 7.0), and flash-cooled in a liquid nitrogen stream. The data set was collected at the beamline NW12A of the Photon Factory (Tsukuba, Japan),and was processed with HKL2000. 36 The dsRBD1 crystal belonged to the space group P3 1 , with unit cell parameters of a
The initial phase was solved by the molecular replacement method with Phaser, 37 using the polyalanine model of the Aquifex aeolicus RNase III structure (PDB ID: 1RC7, residues 151-220) as the search model. The polyalanine model was generated by MOLEMAN2. 38 The remainder of the structure was built automatically with ARP/wARP 39 and modified manually with Coot. 40 The refinement was performed with Refmac and CNS 41 to 2.14 Å resolution. The R work and R free values were converged to 18.5 and 23.3%, respectively. The crystallographic asymmetric unit contained two dsRBD1 molecules, which were similar to each other, with an RMSD of 0.3 Å for 62 C a atoms.
The RMSDs were calculated by Superpose. 42 Some residues were invisible because of disorder, and the final model includes residues Gly7-Glu33 and Pro39-Lys75 in the A chain and Gly7-Gly34 and Gln38-Lys75 in the B chain. The quality of the structures was analyzed using PROCHECK. 43 Details of the experimental data and the structural statistics are summarized in Table I .
NMR sample preparation
The cDNA fragment encoding the TRBP dsRBD2 (residues 129-204) was cloned into the pCR2.1 vector (Invitrogen). The dsRBD2 was expressed with a His6-tag, a TEV protease cleavage site, a (Gly-GlySer) 2 -Gly sequence at the N-terminus and a Ser-GlyPro-Ser-Ser-Gly sequence at the C-terminus. The 15 N, 13 C-labeled TRBP dsRBD2 used for NMR experiments was synthesized by the cell-free protein expression system. 44 After the reaction, the protein was isolated by Ni affinity chromatography, and then the His6-tag was removed by proteolysis. Subsequent cation-exchange chromatography yielded the highly purified dsRBD2. The TRBP dsRBD2 sample for NMR experiments was concentrated to 1.15 mM in 20 mM Tris-HCl buffer (pH 7.0), containing 100 mM NaCl, 1 mM DTT, and 0.02% NaN 3 in 90% H 2 O-10% 2 H 2 O.
NMR spectroscopy
Triple resonance spectra were recorded at 298 K on a Bruker AVANCE 700-MHz NMR spectrometer. [49] [50] [51] Distance restraints were derived from three-dimensional (3D) 15 N-separated and 13 C-separated nuclear Overhauser effect spectroscopy (NOESY)-HSQC spectra, each measured with a mixing time of 80 ms.
NMR structure calculations
Structure calculations of the TRBP dsRBD2 were performed using the program CYANA2.0.17.
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The structure calculations started from 100 randomized conformers and used the standard CYANA simulated annealing schedule, with 15,000 torsion angle dynamics steps per conformer. The 20 conformers with the lowest final CYANA target function values were subjected to restrained energy minimization in implicit solvent (generalized Born solvation model) with the program AMBER9, using the AMBER 2003 force field. 55 The number of energy minimization steps was 2,000. Force constants of 32 kcal mol À1 Å À2 for distance restraints, 60 kcal mol À1 rad À2 for torsion angle restraints and 50 kcal mol À1 rad À2 for x angles were used in the energy minimization. The 20 lowest energy conformers were then used for further analyses. The quality of the structures was analyzed using PROCHECK-NMR. 56 Detailed experimental data and structural statistics are summarized in Table II .
Sample preparation for the biochemical analyses
The sequences of the chemically synthesized siRNAs (Takara Bio) were 5 0 -UGAGGUAGUAGGUUGUAU AGU-3 0 and 5 0 -UAUACAACCUACUACCUCAUU-3 0 . The cDNA fragments encoding the full-length TRBP (residues 1-345), the dsRBD1 fragment (residues 1-84), the dsRBD2 fragment (residues 121-213), and the dsRBD3-deleted fragment (residues 1-213) were cloned into pCold II (Takara Bio). The mutants were generated with a QuikChange mutagenesis kit (Stratagene) or by the overlap PCR method. The proteins were expressed with a Met-Asn-His-Lys-Val sequence and a His6-tag at the N-terminus. The dsRBD2 fragments contain an extra Met residue derived from the vector sequence just after the His6-tag. For overexpression, E.coli strain Rosetta(DE3) was used as the expression host. After lysis by sonication, the proteins were isolated by Ni affinity chromatography and subsequent cation-exchange chromatography. The D1-WT, D2-WT, FL-WT, FL-M1, FL-M2, D12-WT, D2-W152A, D2-W152V, and D2-W152del proteins were further purified by heparin affinity chromatography. The purified proteins were dialyzed against 20 mM Hepes-NaOH buffer (pH 7.5), containing 150 mM NaCl and 1 mM DTT.
ITC measurements
ITC measurements were performed with a VP-ITC calorimeter (GE Healthcare) at 25 C. Samples were buffered with 20 mM Hepes-NaOH buffer (pH 7.5), containing 150 mM NaCl. Aliquots of 40 lM (D1-WT, D2-WT, D1-mutant, D2-mutant, FL-M1, FL-M2, and FL-M12) or 20 lM (FL-WT and D12-WT) protein solutions (syringe) were stepwise injected into a 1 lM siRNA solution (cell). The data were analyzed with the Origin software (Microcal). The heat generated due to the dilution of the protein solutions was quite small and was ignored for the analysis. A one-site binding model was used for the analysis of D1-WT, D2-WT, FL-M1, and FL-M2. On the other hand, a two-site binding model was used for the analysis of FL-WT and D12-WT. 
Gel filtration chromatography
Gel filtration chromatography was performed with a Superdex 200 10/30 column (GE Healthcare) at 4 C. The samples were buffered with 20 mM HepesNaOH buffer (pH 7.5), containing 150 mM NaCl and 1 mM DTT. For each analysis, a 200-lL aliquot of the protein solution was injected and the absorbance at 230 nm was monitored.
Analytical ultracentrifugation
Analytical ultracentrifugation was performed by the sedimentation equilibrium method. The 38 lM TRBP solution was analyzed with an Optima XL-I analytical ultracentrifuge (Beckman Coulter) at 20 C. The sample was buffered in 20 mM Hepes-NaOH buffer (pH 7.5), containing 150 mM NaCl and 1 mM DTT. The solvent density and the viscosity were calculated with SEDNTERP. 57 The protein distributions were monitored at 280 nm. The equilibrium data were obtained at 8,000, 9,000, and 10,000 rpm and were fitted using the Origin software (Microcal).
CD spectroscopy
CD spectroscopy was performed with a J-820 spectrometer equipped with a Peltier temperature control system (JASCO), using 15-50 lM protein solutions. The spectra were recorded with three accumulations at every 5 degrees from 25 to 80 C, after 1-min incubation at each target temperature.
Protein Data Bank accession codes
The coordinates and structure factors for the TRBP dsRBD1 and the 20 energy-minimized conformers of the TRBP dsRBD2 have been deposited in the Protein Data Bank (PDB), with the accession codes 3LLH and 2CPN, respectively.
